Some heterotrophic bacteria are able to oxidize sulfide (H 2 S, HS 2 and S
Introduction
Hydrogen sulfide (H 2 S) has drawn increasing attention due to its involvement in a variety of important physiological processes (Lloyd, 2006; Ida et al., 2014; Yadav et al., 2016) . Maintaining sulfide in a low range is critical because sulfide at high concentrations is toxic, probably through reversible binding and inhibition of the cytochrome c oxidase (Nicholls and Kim, 1982) . Some heterotrophic bacteria can oxidize sulfide with sulfide:-quinone oxidoreductase (SQR) and persulfide dioxygenase (PDO) to polysulfide, sulfite and then thiosulfate (Shen et al., 2015 (Shen et al., , 2016 Xin et al., 2016) . The oxidized forms are less toxic than sulfide (Mishanina et al., 2015) .
Two transcription factors (TFs), BigR and CstR, regulating sulfide oxidation in heterotrophic bacteria have been reported, and both are r 70 -dependent repressors (Grossoehme et al., 2011; Guimarães et al., 2011; Luebke et al., 2014) . CstR of Staphylococcus aureus is a small protein (88 aa) containing two cysteine residues. CstR usually binds to the operator of the P R promoter and blocks the RNA polymerase binding site (Fig. 1A) . Under sulfide stress, CstR is modified by reactive sulfur species, dissociating from the operator, allowing RNA polymerase binding to initiate the transcription of sulfide oxidizing genes. The sulfur species, which can modify CstR, include Na 2 S 4 and Glutathione persulfide (GSSH). Modified CstR forms di-, tri-and tetra-sulfide bonds between its two cysteine residues (Luebke et al., 2014) . BigR of Agrobacterium tumerfaciense is also a small protein (117 aa) containing two cysteine residues. BigR forms a disulfide bond in response to the presence of sulfide, and the oxidized form does not bind to its DNA binding site (Guimarães et al., 2011) . SqrR of Rhodobacter capsulatus is a homolog of BigR, and it forms an intramolecular tetrasulfide crosslinking between C41 and C107 when incubated with GSSH, which weakens its binding to its operator for transcriptional repression (Shimizu et al., 2017) .
Most bacterial TFs are r
70
-dependent. In contrast, r 54 -dependent TFs are relatively rare, and they usually involve in cell response to specific signals, such as the nitric oxide (NO) sensor NorR (Bush et al., 2010) or the phenol sensor DmpR (Shingler and Pavel, 1995) . The r 54 -dependent TFs usually form oligomers that bind at upstream (80-150 bp) of the promoter (Barrios et al., 1999) . A typical r 54 -dependent TF contains three domains (Fig. 1B) : the N-terminal regulatory (R) domain, the central AAA1 domain and the C-terminal DNA binding (D) domain (Bush and Dixon, 2012) . The promoters controlled by r 54 -dependent TFs have a consensus 212 and 224 sites (YTGGCACGRNNNTTGCW), which is often associated with an integration host factor (IHF) binding site (AAT-CAANNNNTTG) (Barrios et al., 1999; Bush and Dixon, 2012) . To date, no r 54 -dependent TF that regulates transcription of sulfide-oxidizing genes has been reported.
Cupriavidus pinatubonensis JMP134 is a Gramnegative bacterium of the b-Proteobacteria. It is best known for the ability to degrade a variety of aromatic compounds (Don and Pemberton, 1981; Schl€ omann et al., 1990; Pascale et al., 1995; Lykidis et al., 2010) and for its applications in biotechnology (Mothes et al., 2007; Li et al., 2011) . Recently, we identified a sulfideoxidation gene cluster of sqr (Cpsqr) (Protein ID: WP_011299713.1) and pdo (Cppdo2) (Protein ID: WP_041680387.1) in the bacterium, and the two genes are transcribed in the same direction and separated by a 27-bp intergenic sequence (Fig. 1C) . The two genes are co-transcribed when cloned in E. coli, and SQR and PDO collectively oxidize sulfide to polysulfide, sulfite and thiosulfate (Liu et al., 2014; Xin et al., 2016) .
Here, we studied the regulation of the sqr and pdo genes in C. pinatubonensis JMP134. We discovered a new r 54 -dependent TF, FisR, working as both a sulfide sensor and a transcription regulator of the sulfide oxidation pathway. We identified the amino acid residues that are essential for the sensing, and mapped its binding site upstream of the pdo promoter. After investigating its oligomerization process and ATPase activity, we propose a model to illustrate the regulation, which allows FisR to fine-tune the expression of the operon in C. pinatubonensis JMP134 according to the levels of sulfide stress. Further, bioinformatics analysis suggested that FisR-like regulators are often involved in the regulation of sqr-pdo gene clusters in the Proteobacteria.
Results
FisR is an activator-like TF and required for sulfide oxidation in C. pinatubonensis JMP134
A gene (Protein ID: WP_011299715.1) coding for a "Fis family transcriptional regulator" is located at the 2228 bp upstream of the pdo-sqr operon and transcribed in the opposite direction (Fig. 1C) . Protein sequence analysis indicated this "Fis family transcriptional regulator" (FisR) is a r
54
-dependent TF that contains three domains: the N-terminal R domain, the central AAA1 domain and the C-terminal DNA binding domain (Fig. 1B) .
A fisR-deletion (DfisR) mutant and a pdo-sqr double deletion (Dps) mutant of C. pinatubonensis JMP134 were constructed. Both mutants lost the ability to oxidize Na 2 S. To confirm the deletion of fisR causes no polar effect on pdo and sqr expression, two fisR complemented strains were constructed and tested as well. Both of them can partially recover Na 2 S oxidizing ability ( Fig. 2A) . These results indicated that FisR is required to turn on the expression of pdo and sqr. In C. pinatubonensis JMP134 wild-type strain (wt), fisR was constitutively expressed at low levels, which was not changed with added Na 2 S; however, both pdo and sqr expression levels were significantly increased upon exposure to Na 2 S (Fig. 2B) . The pdo transcription response was 12-fold higher than the control after 10 min exposure, but the response became moderate after 30 min with only twofold higher than the control. The time-dependent response to sulfide induction, high at 10 min and low at 30 min, was similar to the induction of the cst genes in S. aureus (Luebke et al., 2014) . In contrast, the pdo and sqr expression levels in DfisR strain were very low with or without Na 2 S treatment (Fig. 2B) .
A 291-bp length cDNA containing the 3 0 end of pdo, the 27-bp intergenic sequence and the 5 0 end of sqr was amplified by RT-PCR, indicating these two genes are co-transcribed (Supporting Information Fig. S1A ). However, the mRNA level of pdo was obviously higher than that of sqr both before and after Na 2 S induction (Fig. 2B) . The results suggest an unequal transcription pattern, in which pdo can be solo transcribed. RNA structure prediction indicates there is a stem-loop structure formed by the 27-bp intergenic sequence and the 5 0 -end of sqr. To test the loop effect, two new expression vectors, PBBR-pdo-sqr and PBBR-pdo-D27-sqr, were constructed and transformed into Dps mutant; the pdo and sqr transcription levels were analyzed by real-time RT-PCR. The pdo transcription level is still higher than that of sqr from intergenic sequence deletion clone (Supporting Information Fig. S1B and C) . Thus, the predicted loop containing the intergenic sequence is not the cause for the differential transcription of pdo and sqr.
FisR is both a sulfide sensor and a transcription activator
A reporter plasmid pBBR-fisR-P R -gfp was constructed, in which the expression of the Green Fluorescence Protein (GFP) was driven by P R , and the expression of FisR is under control of its native promoter P L (Fig. 3A) . This reporter plasmid was introduced into C. pinatubonensis JMP134. GFP expression was usually low, but when exogenous Na 2 S was added, GFP expression was increased (Fig. 3B) . Further, the GFP levels displayed a positive dose-response relationship with Na 2 S concentrations, which could be fitted into a typical Hill equation, similar to the activation effects of other TFs (Alon, 2006) . The activation coefficient (K) that represents the concentration of Na 2 S needed for P R halfmaximal activation is 328 mM, and the hill coefficient (n) that represents P R sensitivity to Na 2 S is 0.6. These results confirmed that FisR directly activates P R induced by exogenous sulfide in C. pinatubonensis JMP134.
FisR binds to the upstream sequence of the P R promoter
The 5 0 rapid amplification of cDNA ends (RACE) experiments were performed and the transcription starting point of P R was identified at 229 bp upstream of the pdo initiation codon. The consensus sequences containing 212 and 224 sites and the IHF binding site were identified after sequence inspection (Fig. 4) . EMSA and DNA footprinting experiments were used to locate the FisR binding site before the P R promoter. Four DNA probes covering the entire 228-bp intergenic sequence A. Strains were collected and suspended in HEPES buffer containing Na 2 S. Control was only HEPES buffer containing Na 2 S. B. RT-qPCR analysis of pdo, sqr and fisR transcripts in Na 2 S (50 mM) treated and untreated strains. Insert, fisR transcription level; wt, C. pinatubonensis JMP134 wild type; DfisR, the fisR deletion mutant of JMP134. A. Schematic representation of the pBBR-fisR-P R -gfp reporter plasmid. B. The dose-response relationship between GFP expression and Na 2 S concentrations. C. pinatubonensis JMP134 containing pBBRfisR-P R -gfp was induced by Na 2 S for 10 min, and whole cell GFP fluorescence was analyzed 1 hour later. Black ball represents measured data (n 5 3), and line represents the curve fitted by Hill equation (Insert).
FisR regulates H 2 S oxidation in C. pinatubonensis JMP134 375 between pdo and fisR ORFs were synthesized and tested by using EMSA with FisR or FisR-CD (containing the AAA1 domain and the DNA binding domain, but not the R-domain of FisR), which were freshly purified from overexpressed recombinant proteins with His-tag. Both FisR and FisR-CD specifically bound to the DNA fragment from 284 to 2143 bp of the P R promoter (Supporting Information Fig. S2, F2 ). When a new reporter plasmid pBBR-fisR-P RD54 -gfp was constructed, in which the DNA binding fragment was removed, and introduced into C. pinatubonensis JMP134, no GFP expression could be detected upon exposure to exogenously added Na 2 S (Fig. 5A ). DNA footprinting experiments were then performed; a 28 bp-length sequence containing a palindrome sequence (2114 to 2135 bp) was pinpointed for FisR binding (Supporting Information Fig. S3 ).
Three cysteine residues of R domain are involved in sulfide sensing
The R domain of FisR was further investigated. First, the total R domain was deleted from the reporter plasmid pBBR-fisR-P R -gfp, resulting in a new reporter pBBR-fisR DR -P R -gfp, from which no GFP expression was detected with or without added Na 2 S in the DfisR strain (Fig. 5A) . Second, there are three cysteine residues in the R domain: Cys53, Cys64 and Cys71. They were individually mutated to serine in the reporter plasmid pBBR-fisR-P R -gfp, resulting in three new plasmids: pBBR-fisR c53s -P R -gfp, pBBR-fisR c64s -P R -gfp and pBBRfisR c71s -P R -gfp. C53S or C64S mutation caused total loss of P R activation while C71S mutation caused severely impaired P R activation (Fig. 5A ). The stabilities of these mutant proteins were similar to that of FisR via Western blot analysis (Supporting Information Fig. S4 ), indicating the loss or impaired activation is caused by amino acid substitution, not by protein instability.
FisR senses sulfide through polysulfide
Sulfide (sulfur has valence of 22) cannot react directly with thiols. However, sulfide can be converted to sulfane sulfur, such as thiosulfate, GSSH and polysulfide (HS 2 n , n 2) inside cells (Ono et al., 2014) . Therefore, it is A. C. pinatubonensis JMP134 DfisR strain containing pBBR-fisR-P R -gfp or fisR mutants were induced by 50 mM Na 2 S. FisR-CD represents the R domain deletion; C53S, C64S and C71S represent the cysteine mutants in the R domain; P RD54 represents FisR binding site (291 to 2144 bp) deletion in the P R promoter. B. Different inducers were used to treat JMP134 wt strain containing pBBR-fisR-P R -gfp. Symbol * indicates the sample is different and symbol ** indicates the sample is significantly different (p < 0.01) from the uninduced control. C. Different concentrations of polysulfide were used to induce JMP134 wt strain containing pBBR-fisR-P R -gfp and JMP134 Dps strain containing pBBR-fisR-P R -gfp.
possible that FisR senses sulfide through sensing its intracellular derivatives. When sulfide, sulfite, thiosulfate, oxidized glutathione (GSSG), GSSH or polysulfide was applied to C. pinatubonensis JMP134 containing the reporter plasmid pBBR-fisR-P R -gfp, only sulfide, GSSH and polysulfide induced GFP expression (Fig. 5B ). Among them, polysulfide induced the highest GFP expression. GSSH induced GFP expression, but further experiments indicated there was no dose-response relationship between the GSSH concentration and GFP expression (Supporting Information Fig. S5 ). On the flipside, polysulfide showed a clear dose-dependent induction. The construct pBBR-fisR-P R -gfp was also transformed into the Dps mutant of C. pinatubonensis JMP134 that accumulated polysulfide. Polysulfide induction led to higher GFP expression in Dps than that in wt (Fig. 5C ). These results suggest that FisR senses polysulfide.
Polysulfide affects status of Cys53, Cys64 and Cys71 of FisR
Polysulfide-treated FisR, dithiothreitol (DTT)-treated FisR and untreated-FisR were separately subjected to trypsin digestion, followed by LTQ-Orbitrap tandem mass spectrometry of the peptides. In both polysulfidetreated FisR and untreated-FisR, a cross-linked peptide, Peptide 1, was present ( Table S1 ). In DTTtreated FisR, this peptide was not present; instead, two peptides, Peptide 2 and Peptide 3, were identified ( Fig. 6 ; Supporting Information Fig. S6B and S6C ). Thus, there was a cross-link, C53-C64 or C53-C71, in Peptide 1. Upon further inspection of the MS2 data of Peptide 1, some mass peaks corresponding to the C53-C64 cross-link were found while those of C53-C71 were not, indicating the cross-link was formed between C53 and C64 in Peptide 1. By using the sulfur adduct patterns in polysulfide-reacted CstR as a guide (Luebke et al., 2014) , we also searched for masses corresponding to sulfur-adduct peptides in polysulfide-treated FisR and identified matches of the tetrasulfide bond between C53-C64 (Peptide 4, Fig. 6 ; Supporting Information Fig.  S6D ), indicating that both tetrasulfide and disulfide cross-links were present in polysulfide-treated FisR. The untreated-FisR also contained the C53-C64 disulfidelink (Fig. 6 ), possibly from autoxidation during the protein purification. Peptide 1 and peptide 4 are the only two peptides containing the C53-C64 cross-link. Since both autoxidized and polysulfide-reacted FisR hexamers dissembled into monomer, the C53-C64 cross-link is likely from intrasubunit.
Polysulfide affects the ATPase activity but not oligomerization of FisR
FisR and its C53S, C64S or C71S mutant proteins were purified, and their ATPase activities were assayed. 
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Compared with FisR, its C53S mutant had significantly impaired activity, the C64S mutant had slightly impaired activity, and the C71S mutant was equally active ( Fig. 7 ; Supporting Information Fig. S7 ). Further, the activities of all proteins were increased by HSSH treatment and decreased by DTT treatment, but the DTT effect was not all statistically significant compared with that on the corresponding untreated proteins.
Freshly purified FisR had apparent ATPase activity; however, after storing on ice for one to four hours, the protein severely lost the activity and adding polysulfide had no remedy effect (data not shown). According to size exclusion chromatography analysis, freshly purified FisR existed mainly as hexamer (294 kDa); however, the hexamer was not stable, gradually disassembled into a mixture of tetramer, dimer and monomer after 1-hour storage on ice (Supporting Information Fig. S8 ). These observations explained why only freshly purified FisR had ATPase activity because the formation of oligomers is a prerequisite for the ATPase activity of r 54 -dependent TFs (Bush and Dixon, 2012) . FisR-CD was purified as a monomer, and it had no ATPase activity (Supporting Information Fig. S9 ), indicating that the oligomerization of FisR requires the R domain. When freshly purified FisR was mixed with polysulfide or the DNA fragment containing its binding site and stored on ice for 1 hour, FisR also disassembled into a mixture of tetramer, dimer and monomer, indicating neither polysulfide nor DNA can stabilize the FisR hexamer after purification. The three mutants with altered cysteine residues behaved in the same way as FisR in terms of the loss of ATPase activities and oligomerization.
FisR confers C. pinatubonensis JMP134 resistance to high levels of sulfide When C. pinatubonensis JMP134 strains were grown in LB medium supplemented with 100 lM Na 2 S, the Dps strain showed a longer lag phase and a lower final OD 600 than did the wild type (Fig. 8) . The DfisR strain displayed a similar growth defect as that of the Dps strain. The FisR complemented strain (DfisR::fisR), which expressed FisR from a plasmid, showed a Fig. 8 . Growth of C. pinatubonensis JMP 134 strains under sulfide stress. Strains (n 5 3) were cultivated in the 96-well plate containing 200 ml LB medium and 100 mM Na 2 S. The temperature was set to 308C. OD 600nm was monitored automatically at 30 min intervals. moderate recovery in growth. In comparison, the mutant strains grew as well as the wild type strain when Na 2 S was not added (Supporting Information Fig. S10 ). Thus, when sulfide stress is present, FisR is required for responding and fine-tuning PDO and SQR expression in C. pinatubonensis JMP134.
The fisR-like genes are often associated with the pdo-sqr gene clusters in sequenced bacterial genomes BlastP search identified 5402 homologous proteins from sequenced bacterial genomes. The sequences were further selected if the given gene was located within 3 loci of a pdo-sqr gene cluster. About 142 proteins from 141 strains, belonging to 43 species of the Proteobacteria, were identified (Supporting Information Fig. S11A ). Among the 142 FisR-like regulators, 91 have the PAS motif in the N-terminal R domain and the three conserved cysteine residues, similar to FisR of C. pinatubonensis JMP134; one has the PAS motif but its three cysteine residues are not conserved; 43 have no PAS but an undefined domain with one conserved cysteine residue, suggesting a new type of gene regulators; the rest 7 have various undefined motifs containing no cysteine residue.
About 48 distinct sequences representing the 142 FisR-like regulators were used to construct a phylogenetic tree (Supporting Information Fig. S11B ). 40 regulators that have both PAS and the three conserved cysteine residues could be further grouped into 3 clusters. Cluster 1 contains FisR of C. pinatubonensis JMP134, and others in the cluster are mostly from Burkholderia spp. Cluster 2 contains regulators from Pseudomonas spp. Cluster 3 contains only two regulators: one is from Marinomonas and the other is from Pseudohongiella. Pseudomonas putida ND6 (genome accession: CP003588.1) carries two copies of pdo-sqr operons with fisR-like genes. Interestingly, the two FisR regulators are clustered into cluster 1 and cluster 2 respectively, in the phylogenetic tree, indicating different evolution origins. Our data suggest that FisR is relatively common in these bacteria, representing a common strategy that bacteria use to manage sulfide stress.
Discussion
Our data support that FisR is a gene activator. When FisR senses polysulfide, it activates r 54 -dependent transcription of sqr and pdo in C. pinatubonensis JMP134. It forms hexamers and binds to the operator at 2114 to 2135 bp of the P R promoter (Fig. 1B) , and regulates the transcription through P R via its ATPase activity, which is stimulated upon exposure to polysulfide. Most r 54 -dependent TFs have three domains, which collectively control the oligomerization, DNA binding, signal sensing, ATP hydrolysis and r 54 -dependent transcription. However, the control mechanism and the cooperation among the three domains may vary. The oligomerization of NorR is DNA-binding-domain dependent and occurs after NorR binds to DNA (Bush and Dixon, 2012; Bush et al., 2015) , while the oligomerization of NtrC4 is stabilized by phosphorylation of its R domain (Bush and Dixon, 2012) . For FisR, our data show that its oligomerization is R-domain dependent. Further research is still required to investigate how the R domain facilitates the oligomerization.
Negative regulation of the AAA1 domain by the R domain is a dominant mechanism for r 54 -dependent
TFs, but FisR applies positive regulation, similar to NtrC in Salmonella and related enteric bacteria (Bush and Dixon, 2012) . The FisR AAA1 domain is positively regulated by the R domain, and polysulfide stimulates the activity. Since oligomerization of FisR is not DNA-or polysulfide-dependent, we propose that once FisR is synthesized, it forms a hexamer and binds to its cognate binding site on the chromosome of C. pinatubonensis JMP134. Its ATPase activity is similar to the NtrC mutants of Salmonella typhimurium that have ATPase activity and the activity is stimulated after its R domain phosphorylation (Bush and Dixon, 2012) . However, FisR is different from other r
-dependent TFs, as its in vitro
ATPase activity is not totally correlated to the in vivo activation of transcription. Both the C53S and C64S mutants had ATPase activity in vitro but lost transcription activation in vivo ( Fig. 5A ; Supporting Information Fig.  S7 ). It appears that the transcription activation requires the crosslinking of C53 and C64, and further studies are required to find out the molecular mechanism. HSSH, the major component in the prepared polysulfide, may undergo tautomerization, forming thiosulfoxide (HS(@S)H), which has a very electrophilic "singlet sulfur" that could react with thiols (Ono et al., 2014) . LC-MS/ MS analysis indicates HSSH can directly alter the status of three thiols in the FisR R domain. The C53-C64 cross-link is the most obvious alteration and the coexistence of disulfide and tetrasulfide links implies that HSSH leads to complicated modifications to FisR. C53S mutation caused both impaired ATPase activity and loss of P R activation; C64S mutation caused a slightly decrease of the ATPase activity and loss of P R activation; C71S mutation has no effect on the ATPase activity but causes impaired P R activation ( Fig. 5A; Supporting  Information Fig. S7 ). These data suggest that the crosslinking in the R domain and the modification of the three cysteine residues by HSSH not only affect the ATPase activity, but also influence P R activation. C71, if spatially located nearby, may facilitate the formation of the C53-FisR regulates H 2 S oxidation in C. pinatubonensis JMP134 379 C64 cross-link through a thiol-disulfide exchange reaction (Freedman et al., 2002) . Further investigation of these modifications may help in revealing the mechanism of the R domain's regulating on ATPase activity and P R activation. A recent study on NorR suggests that investigating the relationship of domains from structural perspective is an effective approach (Bush et al., 2015) . Further, construction of FisR variants that are constitutively on (locked-on) or constitutively off (locked-off) and biochemical analysis of such variants may also reveal valuable information.
FisR is an activator of gene transcription, and CstR of Staphylococcus aureus and SqrR of Rhodobacter capsulatus are repressors. The three transcription factors do not directly react with H 2 S, but react with GSSH or HSSH, which are the oxidation derivatives of H 2 S (Luebke et al., 2014; Shimizu et al., 2017) . They are the only characterized gene regulators in response for H 2 S challenges to date. Since a direct sensor for H 2 S has not been identified, it is likely common to sense persulfide and polysulfide under H 2 S stress for similar gene regulators, widely present in H 2 S-oxidizing microorganisms (Supporting Information Fig. S11 ).
The interval sequence between PDO and SQR ORFs is only 27 bp with no apparent promoters. However, RTqPCR results demonstrate that the mRNA level of pdo is obviously higher that of sqr. The unequal transcription of PDO and SQR may lead to unequal activities of these two enzymes. PDO usually has a much higher Km value for GSSH than that of SQR for sulfide; therefore, higher expression of PDO may help maintain the proper flux of the sulfide oxidation pathway (Shen et al., 2016; Xin et al., 2016) . Further investigations are required to unveil the corporation mechanisms that may exist at both gene expression and enzyme kinetics levels.
On the basis of our data, we proposed a model to illustrate the overall mechanism of FisR regulating the sulfide oxidation pathway in C. pinatubonensis JMP134 (Fig. 9) . The expression of FisR is constitutive and at low levels, independent of sulfide. The expressed FisR spontaneously forms hexamers that binds to the DNA binding site of P R . When sulfide stress is absent, the intracellular HSSH is low and the ATPase activity of FisR is low, resulting in low expression of PDO and SQR. When sulfide stress is present, intracellular polysulfide increases quickly due to the presence of a base level of SQR. Polysulfide modifies FisR and stimulates its ATPase activity, activating the P R promoter to produce more PDO and SQR. As a result, sulfide is quickly oxidized to sulfite and thiosulfate. The key process in this model is the conversion of sulfide to polysulfide that activates the r 54 -dependent transcription of sqr and pdo through P R . The base level of SQR, with a low K m value for sulfide (Xin et al., 2016) , ensures that sulfide can be rapidly converted to polysulfide. The standby FisR hexamer guarantees the ATPase activity can be rapidly activated by sulfide via polysulfide. Therefore, the transcriptional activation process is always in the "ready to go" state, conferring a quick response to sulfide stress on C. pinatubonensis JMP134.
Experimental procedures

Strains and plasmids
Strains and plasmids used in this work are listed in Supporting Information Table S2 . E. coli strains were grown in Fig. 9 . A proposed mechanism of FisR regulation in C. pinatubonensis JMP134. HSSH reacts with FisR and enhances its ATPase activity, leading to RNAP activation and increased transcription of pdo and sqr. RNAP, RNA polymerase; IHF, integration host factor.
Lysogeny broth (LB) at 378C. C. pinatubonensis JMP134 and its derivative strains were grown at 308C in LB medium. Kanamycin (50 lg ml
21
) was added when required. Other chemicals such as sulfide (Na 2 S), thiosulfate (Na 2 S 2 O 3 ), sulfite (Na 2 SO 3 ) and sulfate (Na 2 SO 4 ) were purchased from Sigma-Aldrich.
Polysulfide and GSSH preparation
Polysulfide was prepared following a published method (Kamyshny, 2009) , and a detailed description was recently published (Xin et al., 2016) . The polysulfide stock contained mainly disulfide (HSSH) with less trisulfide (H 2 S 3 ) (Xin et al., 2016) . GSSH was prepared by following our previous report (Liu et al., 2014 or Xin et al., 2016 , and the concentration was determined with a colorimetric method (Flavin, 1962) .
Construction of the fisR-deletion and complemented strains of C. pinatubonensis JMP134
To construct a fisR-deletion mutant, a 979-bp fragment and a 939-bp fragment upstream and downstream of fisR were PCR-amplified from C. pinatubonensis JMP134 genomic DNA with primer pairs of fisr-del-1 to fisr-del-4 (Supporting Information Table S3 ). The two PCR products were fused together and cloned into pK18mob at the EcoRI site (Katzen et al., 1999) . The constructed plasmid, pK18mob-fisRdel, was transformed into E. coli S17-1 and then transferred via conjugation into C. pinatubonensis JMP134. A single crossover conferred the insertion mutant kanamycin resistant, and the selection of double crossover with sucrose led to the final fisR-deletion mutant (DfisR). For construction of complemented strains, two plasmids: pBBRfisR and pBBR-P lacI -fisR were constructed, the former contained the fisR native promoter and the latter contained the P lac promoter, since there is no LacI in C. pinatubonensis JMP134, P lac works as a constitutive promoter in JMP134. These two plasmids were transformed into JMP134DfisR strain to make the two complemented strains: DfisR::fisR and DfisR::Plac-fisR.
Sulfide oxidation rate and sulfide tolerance of C. pinatubonensis JMP134 strains C. pinatubonensis JMP134 and its derivative strains were grown in LB medium overnight at 308C; cells were collected via centrifugation at 2700g for 5 min. The collected strains were re-suspended to OD 600nm of 2.0 in 100 mM HEPES buffer (pH 7.4). About 300 lM freshly prepared Na 2 S was added to initiate sulfide oxidation. Samples were taken at specified incubation times, and the remaining sulfide was detected by the methylene blue (MB) method (Moest, 1975) .
To test the sulfide tolerance, overnight cultures were transferred into 96-well plate containing 200 ml fresh medium (LB) with initial OD 600nm adjusted to 0.1. Different concentrations of Na 2 S were added, and the strains were incubated in a microplate reader (Synergy H1) at 308C with shaking. OD 600nm was monitored automatically at 30-min intervals.
Real-time quantitative reverse transcription PCR (RTqPCR)
RNA sample was prepared by using the PureLinkV R RNA Mini Kit (Thermo Scientific). Total cDNA was synthesized using the All-In-One RT MasterMix (ABM). For RT-qPCR, strains were grown in LB medium until OD 600nm reached 0.7, and then 50 mM Na 2 S was added for introduction. After introduction of 10 or 30 min, cells were collected by centrifugation (13 000g, 1 min at 48C), and RNA was extracted. RT-qPCR was performed using the Bestar V R SybrGreen qPCR Mastermix (DBI) and the LightCycler 480II (Roche). For calculation the relative expression levels of tested genes, gyrA gene expression was used as the internal standard and the quantification method was the same as previously reported (Livak and Schmittgen, 2001 ).
5
0 rapid amplification of cDNA ends (5 0 RACE) analysis
To determine the transcriptional start sites of the pdo gene, 5 0 RACE was performed using the Thermofisher 5 0 RACE System for Rapid Amplification of cDNA Ends (version 2.0). All primers used in these experiments are listed in Supporting Information Table S3 .
Protein expression and purification
The intact FisR and its R domain-less mutant (denoted as FisR-CD) were cloned into vector pET30a at the BamHI and XhoI sites with an N-terminal His tag. Site-directed mutagenesis was performed according to a revised method (Xia et al., 2015) . The recombinant plasmids were transformed into E. coli BL21 (DE3). The recombinant E. coli was grown in LB at 308C with shaking until OD 600 reached about 0.6, 0.2 mM isopropyl-b-D-thiogalactopyranoside (IPTG) was added, and the cells were further cultivated at168C for 20 h. Cells were collected via centrifugation, washed twice with ice-cold lysis buffer (50 mM NaH 2 PO 4 , 300 mM NaCl and 20 mM imidazole, pH 8.0), and broken through the high pressure crusher SPCH-18 (STANSTED). Cell debris was removed via centrifugation and the supernatant was loaded onto the nickel-nitrilotriacetic acid (Ni-NTA) agarose resin (Invitrogen). The resin was washed with 5 column volumes (CV) of the lysis buffer, followed by elution of the His-tagged protein with an elution buffer (50 mM NaH 2 PO 4 , 300 mM NaCl and 250 mM imidazole, pH 8.0). The eluted fractions with the proteins were loaded onto PD-10 desalting column (GE) for buffer exchange to a Hepes buffer (25 mM Hepes, 300 mM NaCl and 10% glycerin, pH 8.0). When DTT was added at 1 mM in the Hepes buffer, it did not prevent the loss of the ATPase activity. Purity of the proteins was analyzed by SDS/PAGE.
Western blot analysis of FisR and its variants
For western blot analysis, proteins were separated on a 12% SDS-PAGE and transferred onto nitrocellulose membrane. The Anti-6 3 His rabbit polyclonal antibody (1:5000, D110002, Sangon Biotech) and Anti-GAPDH (Glyceraldehyde 3-phosphate dehydrogenase) rabbit polyclonal FisR regulates H 2 S oxidation in C. pinatubonensis JMP134 381 antibody (1:2500, D110016, Sangon Biotech) were used as the primary antibody and the HRP-conjugated Goat AntiRabbit IgG (1:10 000, D110058, Sangon Biotech) as the second antibody. Signals were detected by using an enhanced chemiluminescence kit (WBKLS0100, Millipore) and the FlourChemQ system (Alpha Innotech). The Western blots were performed by following a reported protocol (Biggs and Kraft, 1999) . The GAPDH level was used as the internal standard.
ATP hydrolysis activity assay
The ATPase activity was measured using the EnzChek Phosphate Assay Kit (Invitrogen E-6646). Briefly, the reactions were carried out in the reaction buffer (25 mM HEPES, pH 8.0, 300 mM NaCl, 10 mM KCl, 1 mM MgCl 2 ). Before use, MESG substrate solution (1 mM) and purine nucleoside phosphorylase (1 U) was added, mixed and preincubated at 228C for 10 min. Then, the purified protein (5 mM) in the reaction buffer, was added, mixed and incubated at room temperature for 10 min. For analysis of HSSH effect on protein activity, 100 mM HSSH was added into the reaction mixture too. Finally, 1 mM ATP was added to start the reaction. The release of phosphate (Pi) was monitored by detecting the 360 nm absorbance by using the H5 microplate reader. A standard curve of Pi was made and used for calculation.
Size exclusion gel chromatography
The analysis was performed by using a Shimadzu LC-20A system equipped with a TSKgel G3000SWXL column (Sigma-Aldrich Company) and a PDA detector (SPD-M20A). The detecting wavelength was set at 280 nm and column temperature was set at 308C. The potassium phosphate buffer (100 mM, pH 6.8) containing 100 mM Na 2 SO 4 and 0.05% NaN 3 was used as the mobile phase. The flow rate was set to 0.5 and 1.0 ml min 21 for FisR-CD and FisR respectively.
LC-MS/MS analysis of FisR
For polysulfide-treated FisR, 1 ml of the purified FisR (3.6 mg ml
21
) was mixed with 1 ml of 20 mM polysulfide and incubated at room temperature for 20 min, then 10 ml of the mixture was pipetted out and mixed with 50 ml of the denaturing buffer (0.5 M Tris-HCl, 2.75 mM EDTA, 6M Guanadine-HCl, pH8.1) to stop the reaction and denaturalize FisR. Then 50 ml of 1 M iodoacetamide (IAM) was added for blocking free thiols, followed by filtration with a Microcon YM-3k filter, washing four times with 360 ml of 25 mM NH 4 HCO 3 . The final collection of 10 ml was digested by trypsin (0.5 mg ml
). The generated peptides were desalted by using a C18 column, eluted in 70% acetonitrile and 0.1% trifluoroacetic acid and freeze-dried. The final product was resuspended in HPLC grade water for LC-MS/ MS analysis. Untreated FisR or DTT-treated FisR were processed following the same protocol except for the treatment steps. The DTT-treated sample contained a DTT treatment step (60 ml of denaturized mix was reacted with 30 ml of 1 M DTT, incubated at 378C for 2 h) before the IAM blocking step.
The Prominence nano-LC system (Shimadzu) equipped with a custom-made silica column (75 lm 3 15 cm) packed with 3-lm Reprosil-Pur 120 C18-AQ was used. For the elution process, a 100 min gradient from 0% to 100% of solvent B (0.1% formic acid in 98% acetonitrile) at 300 nl min 21 was used; solvent A was 0.1% formic acid in 2% acetonitrile). The eluent was ionized and electrosprayed via LTQ-OrbitrapVelos Pro CID mass spectrometer (Thermo Scientific), which was run in data-dependent acquisition mode with Xcalibur 2.2.0 software (Thermo Scientific). Fullscan MS spectra (from 400 to 1800 m/z) were detected in the Orbitrap with a resolution of 60 000 at 400 m/z.
Electrophoretic mobility shift assay (EMSA)
The 228-bp DNA probe was obtained by using PCR from the genomic DNA, and smaller fragments were obtained via annealing two synthesized, complementary oligonucleotides (Supporting Information Table S3 ). 15-ll EMSA reaction mixture containing a DNA probe, different amounts of purified FisR or FisR-CD, and binding buffer (10 mM Tris, 50 mM KCl, 1mM DTT, 5% glycerin, pH 8.0) were mixed and incubated at 308C for 30 min. The reaction mixture was then loaded onto a 6% native polyacrylamide gel and electrophoresed at 180 V for 1 h. The gel was subsequently stained with SYBR green I and photographed with a FlourChemQ system (Alpha Innotech).
DNase I footprinting assay
The promoter region of pdo was obtained by using PCR amplification of the genomic DNA, and the PCR product was cloned into pUC19 at the EcoRI and HindIII sites. The obtained plasmid was used as the template for preparation of fluorescent FAM labeled probes. The FAM-labeled probes were purified by the WizardV R SV Gel and PCR Clean-Up System. About 400 ng of a probe were incubated with different amounts of protein in a total volume of 40 ll. After incubation at 258C for 30 min, 10 ll of a freshly prepared solution containing about 0.015 unit DNase I (Promega) and 100 nmol CaCl 2 was added, and the sample was mixed and incubated at 258C for 1 min. The reaction was stopped by adding 140 ll of the DNase I stop solution (200 mM unbuffered sodium acetate, 30 mM EDTA and 0.15% SDS). Samples were extracted with phenol/chloroform, and then precipitated with ethanol. After centrifugation, the pellets were dissolved in 30 ml MiniQ water. The preparation of DNA ladder, electrophoresis and data analysis were following a reported protocol (Wang et al., 2012) .
Reporter plasmids construction and fluorescence assays
The pBBR1mcs2 (Kovach et al., 1995) plasmid was used to construct a reporter construct, containing fisR and the intergenic region between fisR and pdo (Fig. 1B) , followed by gfp coding for a green fluorescent protein. The produced reporter plasmid was renamed as pBBR-fisR-P R -gfp. Based on this plasmid, five other reporter plasmids were constructed: pBBR-fisR-P RD54 -gfp contained a 54-bp deletion at the FisR binding site for the P R promoter, pBBR-fisR DR -P R -gfp is obtained after removing the R domain of FisR, pBBR-fisR m1 -P R -gfp, pBBR-fisR m2 -P R -gfp and pBBRfisR m3 -P R -gfp contained single mutations of the three cysteine residues in the R domain of FisR (Cys53Ser, Cys64Ser, Cys71Ser). These plasmids were confirmed by sequencing and individually transformed into C. pinatubonensis JMP134 or its fisR-disruption strain by electroporation. For GFP fluorescence assay, the strain was grown in LB medium, and inducers were added when OD 600 reached about 0.6. After 10 min of induction, the cells were harvested by centrifugation, and re-suspended in 20 mM potassium phosphate buffer (pH 7). After incubating at 308C for 1 h to allow the cells to make GFP, the cells were transferred to a 96-well plate and the GFP fluorescence was measured by using the SynergyH1 microplate reader. The excitation wavelength was set at 485 nm and the emission wavelength was set at 515 nm.
Bioinformatics analysis
The fisR from JMP134 was used as the query to search homologues from the 4929 completely sequenced bacterial genomes (until April 16th, 2016, GenBank data) with the selection criteria of E-value <1e
260
, identity 35% and coverage 70%. ClustalW was used for alignment of these candidates, and a condensed neighbor-joining tree was further built with bootstrap replications at 1000, p-distance method, uniform rates and pairwise deletion with cut-off at 50% by MEGA 7.0 software (Kumar et al., 2016) . Phylogenetic tree was built using 48 representative sequences, which were selected from 142 proteins by using CD-hit webserver at 0.95 cut-off (Huang et al., 2010) .
